In this paper, we propose a non-interactive looper and strip tension control method for a hot finishing mill based on the nonlinear dynamic model. Using the NDOB (nonlinear disturbance observer), the nonlinear looper-tension dynamic system is decoupled into two independent SISO (single-input, single-output) subsystems, and moreover, the model uncertainties and the external disturbances generated from forward slip, strip thickness variation and outgoing strip speed are compensated. A modified TSM (terminal sliding mode) controller is utilized to control the looper angle while the output-feedback controller regulates the strip tension by adjusting the incoming roll speed. Hardware experiment with the 2-stand hardware looper simulator was performed to verify the effectiveness of the proposed approach.
Introduction
The hot finishing mill process usually contains six to seven roll stands and loopers, connected in series as shown in Fig. 1 . A 40 mm thick hot steel bar is gradually rolled by each stand, and its thickness is finally reduced to 1-3.5 mm. In the hot rolling process, the strip tension control is very important to maintain a stable mass-flow. Moreover, large fluctuation of the strip tension causes skidding, pinching, rupturing and width-shrinking of the strip. The roll rotation speed mainly controls the strip tension, but the tension cannot be regulated with sufficient precision by adjusting only the roll speed. Therefore, to add a degree of freedom that prevents abrupt tension changes, the loopers are installed between each roll stand. The looper is composed of a roll on a pivot arm which lifts the strip, and it regulates the strip tension by changing its angle. For example, if the tension suddenly increases, the looper buffers the tension change by decreasing its angle. Then, the looper angle should return to its operating point to be ready for the next tension variation. Therefore, the looper angle control is also considered part of the tension control system including the looper, which is usually called the looper tension control system.
In the literature, various looper tension control techniques have been introduced. The chronological development of such techniques was well summarized by Choi. 1) The most widely used technique is the conventional PI (propotionalintegral) control. In this scheme, the roll speed is adjusted to control the looper angle on the operating position, while the constant looper motor torque is provided. So, the strip Fig. 1 . Typical 7-stand hot finishing mill. © 2012 ISIJ tension is indirectly controlled by the looper angle without the tension feedback. However, because the dynamic relation between the looper angle and the strip tension is not considered, it often degrades the control performance. To improve the performance of tension control, many advanced control algorithms have adapted the two-input and two-output multi-variable system model which uses the tension feedback. [2] [3] [4] [5] [6] [7] [8] Such control schemes, however, inevitably bring about complicated controllers, which are not intuitive and are hard to tune on site. In order to simplify the system, Kotera and Watanabe 2) introduced the interaction decoupling technique using the cross controller. Shioya, Yoshitani and Ueyama 3) added disturbance compensators to the decoupled process, and Imanari et al. 4) applied the H-infinity control theory with the cross-controller.
Many previous advanced control approaches have showed good performance on the steady-state region. But, most of them are not effective on the unsteady-state region, because the error of the linearized model is increased on the unsteady-state region. Therefore, in the plant, the main advanced controllers are generally switched to the conventional PI controller on the unsteady-state region such as the beginning stage of the process. To deal with such an issue, a non-interactive control method using DOB (disturbance observer) had been studied. 9) Since the DOB estimates the unknown disturbances and uncertainties together with the interactions, this approach is robust against modeling errors and unknown external effects. Recently, a new approach using the NDOB was proposed. 10) In this paper, we propose a new non-interactive control scheme for the looper tension control system. The system is decoupled by the NDOB, and the modified TSM controller is utilized to control the looper angle while the output-feedback controller regulates the strip tension. The NDOB allows the adoption of the nonlinear looper dynamic model, which is more accurate than the linearized model especially on the unsteady-state region. Moreover, the NDOB prevents peaking phenomenon 11, 12) caused by the DOB. The proposed method guarantees the stability of the nonlinear system model in the presence of unknown uncertainties and disturbances on the entire state domain. So, the proposed method does not have to be switched to another control scheme during the process. Such properties of the proposed method was verified by hardware experiment using the 2-stand hardware looper simulator developed in the laboratory. In addition, the proposed method prevented the looper overturning due to low initial tension. This problem was often reported at the finishing mill plant. This paper is organized as follows. The mathematical model of the looper and strip tension, expressed by two interactive subsystems, is formulated in Section 2. Section 3 presents that the NDOB decouples the system into the nominal decoupled subsystems. In Section 4, the controllers for decoupled subsystems are designed. Hardware experiment results are provided in Section 5, and the conclusion is given in Section 6.
Looper System Model
The finishing mill system is composed of several rolls and loopers which are connected serially as shown in Fig.  1 . In this paper, we consider the 2-stand looper system, which consists of one upstream roll stand, one downstream stand and a looper as shown in Fig. 2 . In the figure, ω is the angular velocity of the upstream roll, R is the radius of the roll, v is the dethreading strip speed of the upstream roll stand, V is the threading strip speed of the downstream roll stand, σ is the strip tension, rlp is the radius of the looper roll, llp is the length of the looper link, θ is the looper angle, lh is the horizontal distance from the upstream roll to the looper, lv is the vertical distance from the bottom roll to the looper, lbase is the distance between 2 roll stands, and αL and αR are the left and right strip angles which depend on the looper angle only. The variation of V due to the next neighbor stand, are treated as a disturbance. In this system, incoming roll speed and looper torque are defined as input signals to control the strip tension and the looper angular position.
The looper dynamics can be formulated by Newton's law of motion as follows: where J is the inertia of the looper, M is the looper motor torque, ML is the total load on the looper, and cv is a viscous friction coefficient. The total load torque ML is the sum of the looper weight term and the strip tension term Mσ as shown in Fig. 3. ......... (2) where Wlpr is the weight of looper roll, Wlpl is the weight of looper link, and lclpl indicates the distance from looper's rotation axis to the center of looper link's mass. The major part of the load torque is the strip tension term, which depends on not only the strip tension but also the looper angle. It can be calculated as follows: 13) ...... where w is the width of strip, and h is the thickness of strip. The dynamics of the strip tension is described by Hooke's law and the inter-stand strip consumption: 13) . (4) where E is the elastic modulus of strip, and L is the length of strip between the roll stands. Since the forward slip factor f, which depends on the strip tension, is related to v as the inter-stand strip consumption rate can be derived as follows:
....... (5) where (⋅)op means the operating point of (⋅), and Δ represents small deviations from operating point (for example, Δω=ω-ωop). Since, in the operating point, Vop=vop , Eq. (5) becomes ..... (6) where . Then, Eqs. (1) and (4) (8) where d1 and d2 are the disturbance terms including the interactions between the looper angle and the strip tension, and the external disturbances such as forward slip and outgoing speed variation. Note that there is no linearization to derive state Eqs. (7) and (8) . And the state equations describe the operating point as the origin, so the control goal is to regulate all states into the origin.
Decoupling Using NDOB
The interest in this section is to decouple the system into two independent subsystems by compensating the disturbance terms d1 and d2, which include the interactions between the looper angle and the strip tension. Recently, the NDOB 14) was introduced to cancel out such disturbance terms so that the resulting system is decoupled. Moreover, the NDOB compensates the parameter uncertainties of the system model. Although other high gain type controllers (such as ordinary sliding mode controller) can also restrain such matched disturbances, they often cause serious chattering. The chattering phenomenon can be reduced by applying DOB with high gain type controllers, 15) but DOB can not guarantee the robustness of system because of peaking phenomenon. 12) The NDOB is free from the peaking phenomenon and guarantees the robustness. In order to construct the NDOB, the following assumption is needed. The bound of disturbance is also known as and . Under Assumption 1, the inputs of the system (7) and (8) (13) , ...... (14) , .................... (15) ,...... (16) where is a constant vector, is a positive constant, τ 1 and τ 2 are positive constants, and D1 and D2 are the deadzone functions defined as D1(φ1)=φ1-s1(φ1) and D2(φ2)=φ2-s2(φ2), respectively. The globally bounded saturation functions , s1 and s2 are satisfying the following.
a s q br 27) where C1:R 2 →R and C2:R→R. The closed-loop of the resulting system is shown in Fig. 4(a) . Since the NDOB compensates the disturbance terms, d1 and d2, which include the interactions between the looper angle and the strip tension, the resulting system will be decoupled into the two subsystems. Now, we will state a theorem to show that the NDOB cancels out the disturbance terms, d1 and d2. Moreover, the theorem will evince that the uncertainties on a1, b1 and b2 are also compensated by the NDOB. Consider the nominal decoupled subsystems of the system (7) and (8) Note that the same controllers C1 and C2 in Eqs. (26) and (27) are used. The closed-loops of the nominal decoupled subsystems are shown in Fig. 4(b) . If the controllers C1 and C2 are chosen such that the solutions of the nominal decoupled subsystems eveolve in and and are locally asymptotically stable, the following Theorem 1 can be derived from the previous research about the NDOB.
14) Theorem 1 guarantees that the states of the system with the NDOB are the same as the states of the nominal decoupled subsystems (28) and (29) within a given error bound. It implies that the interactions between the looper angle and the strip tension are compensated so that the resulting system is decoupled into the two subsystems. Moreover, it indicates that the NDOB also cancels out the external disturbances included on the disturbance terms, d1 and d2, and the model uncertainties on a1, b1 and b2. Theorem 1. Under Assumption 1, for given εi>0, there exists a such that, for each , the solution of the closed loop system (7)- (8)- (9)- (10) 
s a s a x A x B a x bu Theorem 1 is obtained by omitting the zero dynamic states and the dynamic variables of the controller from 'Theorem 1' in the previous research about the NDOB. 14) Thus, the proof of Theorem 1 is easily derived from the proof of the original theorem in 'Section 3.2' of the previous research. 14) 
Controller Design
In this section, the controllers C1 and C2, in Eqs. (30) and (31), are designed for the nominal decoupled subsystems (28) and (29). For the looper angle subsystem (28), TSM controller is considered, and, for the tension control subsystem (29), the output-feedback controller is used.
Terminal Sliding Mode Controller
We consider the TSM controller for the nominal decoupled subsystem (28). Unlike the normal sliding mode control that guarantees only an asymptotic convergence, the TSM control is characterized by a nonlinear sliding surface assuring fast finite-time convergence. The switching function is chosen as If the system state is in the set , it's said that the system is on the sliding mode. To get into the sliding mode, the control input is chosen as follow:
where k>0 is sliding mode gain and sgn(sf) is the signum function. The following Lemma 1 shows that the control input (36) drives the system into the sliding mode. Lemma 1. If the control input (36) applies to the nominal decoupled subsystem (28) for all t ≥ t0, there exists a finite time t1≥ t0 such that for all t≥t1. 38) and always has the negative value for sf ≠0. Now, we will find the finite time t1 such that sf (t1)=0. Using Eqs. (37) It is obvious that t2 is larger than t1 and has a finite real value for 0<γ <1. From Eqs. (40) and (41), one can notice that the magnitude of does not increase, thus, for all t>t2. And, since sf =0, is also zero for all t≥t2. Lemma 1 and 2 present that the states of the nominal decoupled subsystem (28) converge to the origin with the control input (36) in the finite time t2. However, the control input (36) has a singularity on . So, the modified control input is proposed as the follow.
x t x t t t The assumption is reasonable, since ε can be chosen sufficiently small compared to the initial state. By Lemma 2, it is easily recognized that the system state will reach to Ξ∩S in the finite time. Then, for , with the modified input (43) under the conditions (44) and (45), the time derivative of Lyapunov function (37) is derived as has a negative value for sf ≠0. Therefore, the system stays on the sliding mode for , so that the state reachs the origin.
Output-feedback Controller
The other nominal decoupled subsystem (29) is the first order linear system, so it can be easily stabilized with output-feedback control. 
Hardware Experiment

Experiment Setup
The 2-stand hardware looper simulator was developed for a hardware tension control experiment. It was designed to contain 2 roll stands, one looper and 2 coilers as shown in Fig. 5 . Top and bottom rolls on the same stand were connected by the gear block, which is operated by one motor. Thus, a total 5 servo motors, for 2 roll stands, one looper and 2 coilers, were installed to operate the hardware simulator. And polyethylene was used to simulate the steel strip. The complete hardware frame of the simulator is shown in Fig. 6(a) .
The control algorithm was implemented in PLC(Programable Logic Controller) system shown in Fig. 6(b) , and the sampling time interval of PLC was set as 20-ms. The servo drives, also shown in Fig. 6(b) , receive the control signals from PLC, and drive the motors. PLC gathers the status of the motors through the servo drives, and sends these data to the monitoring PC.
The nominal values of the system model parameters are listed in Table 1 . Young's modulus of the strip E was measured by the tensile test, and the viscous friction coefficient of looper cv was estimated from the response of the looper angle without the tension load. And the operating point was set as Table 2 . 
Control Parameters
In the experiment, the domains of system states were defined as follows. Since the forward slip factor is difficult to model in a specific form, maximum length of the slip was assumed to be less than 1-cm per a second.
ω Rf ≤ 0.01
And ΔV was expected to be in -50% ~ +50% of Vop. Under the domains and uncertaintie range, the values of the parameters used in the controllers and the NDOB were determined as listed in Table 3 . The control gain K was chosen so that the time-constant of the nominal solution would be about 300-ms, which is 3 times longer than the time-constant of the motor used to actuate the roll speed. The sliding surface was desigend to cross the state domain roughly in diagonal, and to minimize the time spent in the sliding mode(t2-t1) under the condition in Eq. (44).
Thus, α =1.26 and γ =0.5 were chosen. And, k was chosen so that the time spent in the reaching mode(t1-t0) would be less than 300-ms. ε was selected to be larger than the resolution of the monitored looper angle(10 -7 ), and to hold condition in Eq. (45). and were simply chosen such that all the roots of Eqs. (22)- (24) have negative real parts. τ 1 and τ 2 are the key parameters determining the bandwidth of NDOBs. NDOBs with the smaller τ 1 and τ 2 cover the disturbances in the higher frequency band. However, too small τ 1 and τ 2 are not so effective, because the PLC consumes the high frequency signals. Thus, τ 1 and τ 2 were determined for NDOBs to slightly cover the bandwidth of PLC. Tip about selecting ρ 1 and ρ 2 is to choose the values around and . In Eqs. (9) and (10), the inputs of NDOBs, r 1 and r 2 , are multiplied by and , respectively. So, and nomalize the input signals, and the NDOBs may show the tolerable performance. But, in this experiment, a larger value was chosen as ρ 2 to improve the robustness of the strip tension. For , the Nyquist plot of G 1 (s) in Eq. (25) When the process begins, the system is on the unsteadystate region, because it does not yet reach the operating point. As mentioned in the introduction, most of advanced approaches are not effective on the unsteady-state region, therefore, in the plant, the conventional PI control is generally applied on the beginning stage. But, in this experiment, the proposed method was directly applied just after the looper angle reaches . The experimental result of the proposed method on the beginning stage was compared with the conventional PI control. As shown in Fig. 8 , the proposed method had less overshooting in both the looper angle and the strip tension.
Experiment 2. The low initial strip tension case.
When the initial strip tension is too low, the looper angle easily increases into the out of the control domain and loses its control. This problem has been an issue of the looper tension control in the finishing mill plant. Figure 9(a) shows = a τ 2 0 1 = that the looper was overturned when the conventional PI controller was applied on the hardware simulator with the low initial tension. Since, in the experiment, the strip tension was estimated from the load on the looper, the strip tension could not be measured while the looper was overturned, so it was not shown in the Fig. 9(b) . On the other hands, the proposed method did not cause any overturn in this experiment. As shown in Fig. 9 , the looper angle and the strip tension were recovered around their operating point by the proposed method in spite of the low initial tension. Experiment 3. The steady-state responses on the operating point.
The proposed method was compared with the conventional PI and ILQ control 16) at the steady-state. The ILQ control is an advanced technique used in the real hot rolling plant, and it has been known to be very effective on the steady-state region. In the experiment, the ILQ did not stabilize the system on the beginning stage, so, it was applied after the conventional PI stabilized the system into the steady-state region. The experimental results are drawn in Figs. 10(a) and 10(b). For more clear comparison, the graph in Fig. 10(c) shows the average values of Δσ 2 . In this results, the proposed method showed more robust outputs than the conventional PI approach, and similar performance with ILQ control. Experiment 4. The external disturbance on the steady-state region.
The step speed disturbance was applied as ΔV=0.04⋅us(t-80), where us(t) is the unit step function. Figure 11 shows the results. Since outgoing speed was increased, the tension also rose up at 80-sec. The conventional PI controller absorbed the tension rising by decreasing the looper angle, but the looper angle fluctuated too much. ILQ controller showed small looper angle fluctuation, however, the tension was not quickly recovered. The proposed method showed relatively robust strip tension, and tolarable looper angle variation.
Conclusion
In this paper, the non-interactive looper and strip tension control method using the NDOB was proposed for the hot finishing mill process. The modified TSM controller and the output-feedback controller were designed to regulate the looper angle and the strip tension, respectively. The stability of the system was guaranteed in the presence of uncertainties and external disturbances. The 2-stand hardware looper simulator recently developed in the laboratory was used for the hardware experiment. In the experiment, the proposed method showed stable operation not only on the steady-state region but also on the unsteady-state region. Especially, the proposed method prevented the overturning of the looper due to the low initial tension. So the proposed approach is expected to be applied on the plant without switching to other controller during the process.
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Notation
The main symbols used in the looper system model are defined. 
